In addition to their catalytic functions, cytosolic glutathione S-transferases (GSTs) are a major reserve of high-capacity binding proteins for a large variety of physiological and exogenous non-substrate compounds. This ligandin function has implicated GSTs in numerous ligand-uptake, -transport and -storage processes. The binding of non-substrate ligands to GSTs can inhibit catalysis. In the present study, the energetics of the binding of the non-substrate ligand 8-anilino-1-naphthalene sulphonate (ANS) to wild-type human class Alpha GST with two type-1 subunits (hGSTA1-1) and its ∆Phe-222 deletion mutant were studied by isothermal titration calorimetry. The stoichiometry of binding to both proteins is one ANS molecule per GST subunit with a
INTRODUCTION
The cytosolic glutathione S-transferases (GSTs ; EC 2.5.1.18) are a supergene family of phase II enzymes that detoxify endogenous and exogenous substances by conjugating them to GSH. As a consequence of their catalytic function, GSTs have been implicated in the development of resistance of tumours towards various alkylating, electrophilic anti-canccer drugs [1] [2] [3] [4] . Furthermore, because of their abundance and binding properties, they represent a large reserve of high-capacity binding proteins that can sequester a large variety of structurally diverse nonsubstrate ligands with high-to-moderate affinity [5] . This ligand-binding (ligandin) function has implicated GSTs in the intracellular uptake and transport of hydrophobic non-substrate compounds. They may also serve to prevent the accumulation of hydrophobic molecules at lipophilic sites within the cell. The ligandin function has implications for the catalytic function of GSTs in that ligand binding can inhibit catalysis.
Unlike the catalytic properties of GSTs, which have been studied extensively [6] , very little is known about the structural and thermodynamic basis of their ligandin function. Although much data is available regarding the ligands involved, their affinities for various GSTs, and the impact of non-substrate ligand binding on catalytic function, details regarding the location and properties of ligand-binding sites are not clear. Furthermore, since indirect methods (e.g. fluorescence spectroscopy) have been used to determine the binding stoichiometry for many of the ligands, there is uncertainty concerning the number of sites involved. When the first GST structure was solved, we proposed that the cleft located along the dimer interface might serve to bind non-substrate ligands [7, 8] . Subsequently, the cleft was shown by crystallography to be the binding site for the drug praziquantel in schistosomal GST [9] and for a Abbreviations used : A-LBP, adipose lipid-binding protein ; ANS, 8-anilino-1-naphthalene sulphonate ; ASA, solvent-accessible surface area ; GST, glutathione S-transferase ; hGSTA1-1, human class Alpha GST with two type-1 subunits ; ∆Phe-222, deletion of Phe-222 from the C-terminus of hGSTA1-1 ; I-FABP, intestinal fatty acid-binding protein ; ITC, isothermal titration calorimetry ; ∆C p , heat-capacity change. 1 To whom correspondence should be addressed (e-mail 089dirr!cosmos.wits.ac.za). glutathione conjugate in class Sigma GST with two type-1 subunits [10] . Fluorescence resonance energy transfer and affinity-labelling studies have also implicated the cleft in binding 8-anilino-1-naphthalene sulphonate (ANS) and aflatoxin B " [11, 12] , and steroid sulphates [13] . The dimeric structure of GSTs is therefore not only important for stabilizing the tertiary structures of GST subunits [14] , it is also a requirement for the formation of non-substrate binding sites at the dimer interface.
Another ligandin site for non-substrate ligands was identified at the hydrophobic region of both active sites in the crystal structures of human class Pi GST with two type-1 subunits [15] . Interestingly, these crystal structures have also indicated the presence of a potential non-substrate binding site between α1, β2 and α8 in each subunit, to which sulphonate buffer anions bind [15] [16] [17] [18] . This hydrophobic site is not related to the active site but may be involved in non-competitive inhibition of the enzyme via a ligand-induced conformational change in helix 8, the C-terminus of which is close to the active site. This ligandin site might be involved in binding bromosulphophthalein [12, 17, 19, 20] , bilirubin [21] , fatty acids [22] and 2-hydroxy-5-nitrobenzyl alcohol [23] . The stoichiometry of ligand binding to dimeric GSTs appears to depend on the size of the ligand and on whether it binds the intersubunit cleft (1 : 1 or 2 : 1) or the buffer binding site (2 : 1). Stoichiometry of organic anion binding has also been shown to be dependent on the subunit type ; i.e. high-affinity binding occurs on the Alpha 1 but not the Alpha 2 subunit, resulting in stoichiometry ratios of 2 : 1 for Alpha 1-1 homodimers and 1 : 1 for Alpha 1-2 heterodimers [24, 25] .
In the present study, the energetics of the binding of the nonsubstrate organic anion ANS to human class Alpha GST with two type-1 subunits (hGSTA1-1) was determined by isothermal titration calorimetry (ITC). Unlike GSTs from other gene classes, class Alpha GSTs have an extended C-terminal region [26, 27] 
Figure 1 The structure of ANS
The conformational flexibility of ANS is described by two dihedral angles. Rotation occurs about the N-C1h bond as well as the angle defined by C1h-N-C1-C2 from the anilino and naphthyl rings.
that is implicated in ligandin function [28] . The role of the ultimate residue Phe-222, located near the cleft at the dimer interface, in ligandin function was also addressed. Although we have no structural detail for the complex between hGSTA1-1 and ANS, a calorimetric analysis of its binding properties should provide useful information about the thermodynamics for the molecular recognition process for ligands. ANS, which is an amphipathic anion due to its negatively charged sulphonate and hydrophobic moieties (Figure 1 ), is widely used as a fluorescent probe to monitor structured hydrophobic surface areas during the folding\unfolding of proteins, including GSTs ( [29] and references therein).
EXPERIMENTAL Materials
The wild-type hGSTA1-1 protein was overexpressed using the plasmid pKHA1 (a gift from Professor B. Mannervik, Uppsala University, Uppsala, Sweden) transformed into Escherichia coli BL21 cells containing the pLysS plasmid. The protein was purified from a S-hexylglutathione affinity column as described previously [27, 30] . The purity of the protein was confirmed by SDS\PAGE [31] and size-exclusion chromatography\HPLC. The dimeric protein concentration was calculated spectrophotometrically using a molar absorption coefficient (ε) of 38 200 M −" :cm −" at 280 nm [28] . ANS was purchased from Sigma and its concentration in solution was determined spectrophotometrically at 350 nm using ε l 4950 M −" :cm −" .
The ∆Phe-222 mutant (with Phe-222 deleted from the Cterminus of hGSTA1-1) was generated using the pKHA1 plasmid. The following primers were used to generate the deletion mutant using the ExSite mutagenesis kit from Stratagene : F222 STOP FWD, 5h-GGAAGATCTTCAGGTAATAATAACGC-AGTCATGG-3h, and F222 STOP REV, 5h-TTGCTTCTTCTA-AAGATTTCTCATCCATGGG-3h. The underlined nucleotide sequence represents the translationally silent mutation that encodes for the diagnostic BglII restriction site. The codon shown in bold letters represents the Phe-222 codon that has been replaced by a stop codon, thus generating the ∆Phe-222 deletion mutant. The cDNA region was sequenced using an ABI Prism 310 genetic analyser from PE Applied Biosystems to confirm the deletion of Phe-222 from the C-terminus and to verify the absence of any unwanted mutations. The mutant was purified under the same conditions as described above for the wild-type protein.
Enzyme activity studies
S-Conjugating activity with 1-chloro-2,4-dinitrobenzene and GSH was measured spectrophotometrically at 340 nm (ε l 9600 M −" :cm −" ) [32] . Peroxidase activity was determined with cumene hydroperoxide as a substrate as described previously [33] . All enzymic rates were corrected for the corresponding nonenzymic rates.
Fluorescence studies
Fluorescence emission spectra were measured in a Hitachi model 850 spectrofluorimeter. Proteins were excited at 295 nm, to obtain tryptophan fluorescence spectra. The binding of ANS to protein was monitored using enhanced fluorescence of the dye when excited at 390 nm [28] .
Equilibrium unfolding studies
Reversibility and equilibrium unfolding studies with urea as a denaturant were performed as described previously [34] . Protein concentration was 1 µM and the concentration of urea ranged from 0 to 8 M. Structural changes were monitored by tryptophan fluorescence. Analysis of the unfolding transition to obtain the unfolding parameters ∆G(H # O) (the change in free energy of unfolding in the absence of denaturant) and m value (the dependence of ∆G on denaturant concentration) was performed as previously described [35] .
ITC
ITC enables determination of thermodynamic parameters [enthalpy change (∆H), ∆G and entropy change (∆S)], dissociation constant (K d ) and stoichiometry (N) of binding by direct measurement of the released or absorbed heat. Titration experiments were preformed using the VP-ITC calorimeter from MicroCal (Northampton, MA, U.S.A.) as described previously [36, 37] . Protein was dialysed (3500 Da molecular-mass cut-off) exhaustively against 20 mM sodium phosphate buffer, pH 6.5, and the stock solution of ANS (3.6 mM) was prepared in the final dialysate buffer. Phosphate has a very low enthalpy of ionization (3.77-5.12 kJ\mol) [38, 39] , so the binding enthalpies reported for the interaction between ligand and protein do not reflect any contribution due to buffer protonation. Titrations were performed by injecting 3 µl of ANS stock into the ITC sample cell containing 0.06 mM protein subunit. Heats of dilution were determined by titrating ligand into buffer and the total observed heats of binding were corrected for heats of dilution prior to data analysis. Concentrations of protein and ANS were verified spectrophotometrically and effects due to light scattering were corrected [40] before data fitting. Raw data were integrated and processed with the ORIGIN 5 analysis software (MicroCal). The independent variables for non-linear least-squares fitting of titration curves with ORIGIN 5 are K d , ∆H and N. Once K d and ∆H were obtained, the free energy and entropy of binding were calculated using the following equations : ∆G lkRT ln(1\K d ) and ∆G l ∆HkT∆S, where T is the absolute temperature in K. Energetics of class Alpha glutathione transferase ligandin function
RESULTS
The deletion of Phe-222 from the C-terminus of hGSTA1-1 did not impact on the protein's structural or catalytic properties, or its stability. Secondary, tertiary and quaternary structures remained unchanged as shown by far-UV CD, fluorescence and size-exclusion HPLC respectively (results not shown). Unfolding of ∆Phe-222 with urea was reversible (recoveries in excess of 95 %) and its stability parameters [∆G(H # O) and m value] were similar to those reported for the wild-type protein [34] . The specific activities with 1-chloro-2,4-dinitrobenzene were 52p2 and 54p3 µmol\min per mg for wild-type and ∆Phe-222 respectively. For cumene hydroperoxide they were 9.4p0.2 and 10.6p0.2 µmol\min per mg respectively. ∆Phe-222 did, however, display reduced ANS binding, as shown by the fluorescence spectra in Figure 2 . Furthermore, the emission maximum for ANS bound to ∆Phe-222 was 480 nm, compared with 475 nm for ANS bound to wild-type hGSTA1-1.
The raw and normalized integrated titration data shown in Figure 3 are representative of the exothermic binding of the ANS anion to wild-type and ∆Phe-222 mutant hGSTA1-1. For both proteins, the integrated data for ANS binding fit well to a model based on one independent binding site per subunit. The calorimetrically determined binding affinity for ANS to the wild-type protein (65 µM) agrees with that obtained from fluorescence studies (55 µM) [41] . Deletion of Phe-222 from the C-terminus of hGSTA1-1 reduced the affinity for ANS by approx. 2-fold (105 µM), in agreement with the fluorescence data shown below. The enthalpy and entropy of binding of ANS to hGSTA1-1 were temperature-dependent but, because they compensate each other, ∆G was relatively insensitive to temperature (Figure 4) . ANS binding to wild-type hGSTA1-1 was driven enthalpically and below 17 mC entropy made a positive contribution towards binding. Although binding was entropically opposed above 17 mC this effect was compensated for by a large enthalpy of binding at these temperatures. ANS binding to the mutant protein was driven enthalpically at temperatures below 50 mC. Entropy contri-
Figure 2 Emission spectra of ANS binding to wild-type and ∆Phe-222 hGSTA1-1
ANS (100 µM) was added to 1 µM wild-type and ∆Phe-222 protein. ANS was excited selectively at 390 nm, and the wavelength emission spectra were monitored. The spectra of ANS binding to wild-type and ∆Phe-222 proteins are represented by solid and dashed lines respectively. These spectra were corrected for the contribution of free unbound ANS in buffer (dotted line).
Figure 3 Representative calorimetric titration profile of the binding of the organic anionic dye ANS to wild-type hGSTA1-1 protein
The experiment was performed at 10 mC. The conditions were : 0.06 mM protein monomer and 3.6 mM ANS in 20 mM sodium phosphate buffer, pH 6. butes favourably towards binding at temperatures above 10 mC. The linear temperature dependence of ∆H indicates that the heat-capacity change (∆C p ) for ANS binding to both proteins was independent of temperature within the experimental temperature range. The magnitude of ∆C p for ANS binding to wildtype hGSTA1-1 was k0.84p0.13 kJ\mol per K and for binding to ∆Phe-222 it was j0.53p0.05 kJ\mol per K.
DISCUSSION ANS binding site and stoichiometry
The stoichiometry of ANS binding to wild-type and ∆Phe-222 hGSTA1-1, as determined by ITC, is one ANS molecule\protein subunit (i.e. two ANS molecules\dimer). Although the exact location of the ANS binding site in the hGSTA1 subunit is unknown, a fluorescence resonance energy-transfer study indicated binding of ANS at the V-shaped cleft along the dimer interface [11] . The C-terminus of helix 9, also located near the dimer interface, is adjacent to the ANS site and modulates ANS binding [28] . Other non-substrate ligands that bind the V-shaped cleft include aflatoxin B " [12] , oestradiol disulphate [13] and 5-o[2-[(acetyl)amino]ethyl]aminoq-naphthalene-1-sulphonic acid (AEDANS) [42] . The stoichiometry of binding apparently varies according to the size of the ligand. Large ligands, such as oestradiol disulphate, bind with a stoichiometry of one ligand\ dimer [13] . Binding at one site sterically prevents binding to the other symmetry-related site at the dimer interface. Ligand-ligand steric effects at the dimer interface cleft also explain the 1 :1 binding stoichiometry for the anti-schistosomal drug praziquantel bound to a schistosomal GST [9] , and a GSH S-conjugate bound to class Sigma GST 1-1 [10] . Binding of ANS to GSTs is not accompanied by any major protein conformational change ( [20, 42] , and R. Ohlmeyer, W.H. Kaplan and H. Dirr, unpublished work).
Energetics of ANS binding
Phe-222 does not play an important role in regulating the dynamics of the C-terminus, as the catalytic function of the ∆Phe-222 mutant was comparable with that of the wild-type enzyme. Phe-222, however, does contribute towards the binding of ANS to hGSTA1-1, as its deletion results in diminished affinity for the dye. The majority of energy for the binding of the ANS anion to wild-type and ∆Phe-222 hGSTA1-1 derives from exothermic enthalpic effects. The binding of ANS to various proteins and cationic polyamino acids has also been shown to be enthalpically driven [43] [44] [45] . For wild-type hGSTA1-1, entropy contributes favourably below approx. 17 mC, whereas it opposes binding above this temperature. Binding of ANS to lipid-binding proteins (stoichiometry of one ANS\protein) was also found to be enthalpically driven with entropy making a positive contribution towards binding below approx. 14 mC for intestinal fatty acid-binding protein (I-FABP) [43] and approx. 25 mC for adipose lipid-binding protein (A-LBP) [44] . Above the temperature where the sign of entropy changes, the unfavourable entropy is compensated for by the large binding enthalpies for the three ANS-binding proteins. For ∆Phe-222 hGSTA1-1, entropy contributes favourably towards ANS binding above 10 mC.
ANS binding to wild-type hGSTA1-1 is characterized by a negative change in heat capacity (k0.84p0.13 kJ\mol per K). ∆C p values of similar magnitude were obtained for the binding of ANS to I-FABP (k1.18 kJ\mol per K) [43] and A-LBP (k0.922 kJ\mol per K) [44] . The linearity in the ∆C p determination for wild-type and ∆Phe-222 proteins excludes the possibility of thermal effects on the structure of hGSTA1-1. In particular, the C-terminus of the protein, which is involved in ligandin function, is unstable and unfolds at low denaturant concentrations [28] . Formation of a bimolecular interface between protein and ligand results in the removal of groups from solvent (and thus dehydration of their surfaces), and the packing of these groups within the protein. A negative ∆C p can be expected for the reduction of solvent access to non-polar surfaces [46] . Furthermore, a relatively large negative ∆C p is indicative of a specific interface in the protein-ligand complex [47] . Nonspecific binding events often exhibit very little temperaturedependence on enthalpy [48] . The negative ∆C p , therefore, suggests the presence of a significant hydrophobic component in the hGSTA1-1-ANS interaction. This is supported by the significant increase in ∆C p upon deletion of Phe-222.
The ∆C p upon binding can be reasonably well predicted from the changes in the solvent-accessible surface area (ASA) upon complex formation [37, [49] [50] [51] . This requires knowledge of the three-dimensional structure. However, the crystal structure for hGSTA1-1 in complex with ANS has not been solved. On the other hand, a crystal structure of Sj26GST (the 26 kDa GST from Schistosoma japonicum) in complex with the drug praziquantel is known [9] . We have used this crystal structure as a first approximation for the ANS binding because both ligands are similar in size and, when free in solution, have comparable ASA values. For our calculations we have used the Protein Data Bank access code 1GTB for the ligand praziquantel bound to the protein. The surface area for the free protein was calculated based on the complex after removing the co-ordinates for the ligand. In this way, possible structural changes upon ligand binding are not taken into account. Moreover, there is experimental evidence that no major conformational change occurs upon ANS binding to GST [42] . The change in ASA upon complex formation, ∆ASA, was estimated as :
where ASA The ANS site in hGSTA1-1 is not strictly hydrophobic, as indicated by the fluorescence emission maximum of 475 nm for ANS bound to wild-type hGSTA1-1. This is compared with the emission maximum of 545 nm for ANS in water and of 454 nm for ANS bound to the highly hydrophobic site in apomyoglobin [52] . The polarity of the ANS site in hGSTA1-1 appears to be similar to the surface site in chymotrypsin [53] , and the cavity sites in I-FABP [43] and A-LBP [44] , and, like these sites, the hGSTA1-1 site is apparently not anhydrous. The polarity of the ANS site in hGSTA1-1 is increased by the deletion of Phe-222. Because ANS fluorescence is quenched by water, the fluorescence intensity of protein-bound ANS is highly dependent upon its accessibility to water [43, 45] . The fluorescence enhancement of ANS bound to hGSTA1-1 is much lower than that observed for the lipid-binding proteins, indicating a greater exposure of ANS to solvent when bound to hGSTA1-1. This is consistent with a solvent-exposed cleft at the dimer interface, the region to which ANS binds (see above).
The burial of hydrophobic surfaces of ANS and protein, and their desolvation during binding should result in favourable solvation entropy. However, the observed unfavourable entropy for wild-type hGSTA1-1 appears to contradict this. The entropic opposition to binding may be largely conformational in that binding may restrict the degrees of freedom of flexible or mobile groups on the interactive surfaces of ANS and protein. The conformational freedom of ANS can be described by two dihedral angles ; the rotation about the N-C1h bond between the anilino and naphthyl rings defining the angle between the plane of these rings, and the angle defined by C1h-N-C1-C2 ( [44] ; Figure 1 ). Unbound ANS is intrinsically flexible and its docking on to the protein would be penalized by conformational entropy.
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